Abstract: Electronic tuning and syntheses to gain the icosahedral quasicrystal (i-QC) (Ca14.1(2)Au44.2(8)-In41.7(7), e/a ) 1.98) and two approximant crystals (ACs) are reported. The tuning was derived from Na2-Au6In5, another cubic Mg2Zn11-type structure, for which the Fermi level (e/a ) 1.77) should tune to a calculated pseudogap (e/a ) 2.02) under a rigid band assumption. The 1/1 AC, Ca3Au12.2(1)In6.3(2) (e/a ) 1.73), crystallizes in space group Im3 h, with a ) 15.152(2) Å, Z ) 8, and the 2/1 AC, Ca12.6(1)Au37.0(2)In39.6(6) (e/a ) 2.01), in Pa3 h, with a ) 24.632(3) Å , Z ) 8. Both have substantially fixed compositions according to lattice dimensions. Structure analyses reveal that both ACs contain triacontahedral clusters as the basic building blocks at the body-centered and primitive cubic unit cell levels, respectively. Densities-of-states (DOS) analyses for the 1/1 AC structure reveal a pseudogap at e/a ) 2.00, close to the point at which the i-QC was predicted and experimentally tuned. Phase relationships of the ACs and the i-QC are reported according to DTA, XRD, and temperature-dependent XRD measurements. The QC is thermodynamically metastable below ∼500°C.
Introduction
Quasicrystals (QCs) are a class of intermetallic compounds featuring forbidden rotational (5-, 8-, 12-fold, etc.) symmetries, [1] [2] [3] and their structures in turn result in atypical properties, such as low surface energy, low friction coefficient, high tensile strength, and low thermal conductivity. These unique characteristics suggest prospective and potential QC applications in alloys, surface coatings, power generation/cooling, hydrogen storage, biomaterials, and catalysis. [4] [5] [6] [7] In contrast to the advances in material applications, the strategies for developing novel QC systems and the knowledge of QC structures are still far from complete. Therefore, exploratory syntheses of new approximant crystals (ACs) and their transformation to respective QCs are important since ACs have been assumed to contain the same local building blocks as QCs and to have similarly close chemical compositions. 8 As we know, ∼75% elements in the Periodic Table are metals, and the possible combinations of metallic elements must afford a very large number of binary, ternary, and quaternary intermetallic compounds. Among these are the presumably very select group that exhibits quasicrystalline phenomena. In principle, valence electron counts (VEC) or electrons per atom (e/a) values are believed to be very important empirical factors in determining the stabilities and complex structure-property relationships of many compounds. For example, the HumeRothery rules 9 yield a unique interpretation of particularly stable intermetallic compounds in terms of similar-sized Femi spheres and Brillouin zone boundaries, whereas the Wade-Mingos rules 10,11 successfully relate the geometries of stable deltahedral clusters to the number of skeletal electron pairs in certain Zintl phases or clusters. Not surprisingly, QCs, which are also thought to be special intermetallics, appear to have close relationships to certain e/a values. Actually, e/a values for decagonal (2D) QCs appear to converge at 1.75, whereas those of icosahedral QCs (i-QCs) usually fall in the range of 2.0-2.2. 12 These values suggest that QCs may be electronically positioned between the Hume-Rothery (<2.0) and the classical Zintl phases (g4.0).
Guided by the fact that the Fermi levels of QCs evidently fall in electronic pseudogaps, 13,14 an electronic tuning route by which the Fermi level (E F ) of a selected intermetallic is displaced to the center of calculated pseudogap has been developed 15 and successfully applied in the Sc-Mg-Cu-Ga 15,16 and Sc-MgZn systems. 17 The evolution of both started with particular intermetallics with Mg 2 Zn 11 -type structures, Mg 2 Cu 6 Ga 5 and Mg 2 Zn 11 , respectively, which contain components from both the Hume-Rothery phase region (i.e., Cu, Zn) and the region of the Zintl border (i.e., Ga). Moreover, both compounds exhibit multi-endohedral clusters with local pseudo 5-fold symmetries and have apparent pseudogaps and empty bonding states somewhat above E F . 16 Appropriate chemical substitutions to drive E F to the pseudogap in a rigid band sense then follow. These successes naturally raised the question as to whether the tuning process starting from Na 2 Au 6 In 5 18 (another member of the small Mg 2 Zn 11 family) to gain a novel i-QC is feasible (Figure 1 ).
To this end, this work presents in detail the design, again aided by the existence of a pseudogap in this precursor, the exploratory syntheses, the structure and properties determined for the 1/1 AC and 2/1 ACs, and the electron tuning to an i-QC in this new system. The work continues to support the ideas that pseudogap tuning is a useful route to novel QC systems, at least in certain systems, and that quasicrystals are not far away from phases and structures that solid-state chemists have studied before, especially in the field of intermetallic compounds. 19, 20 
Experimental Section
Syntheses. Syntheses were performed via reactions of the as-received elements, calcium chunks, granular gold, and indium tear drops (all >99.9%, Alfa). These were weighed in a glovebox filled with nitrogen and welded/sealed under an argon atmosphere into tantalum containers, which were in turn held within evacuated SiO2 jackets to avoid air oxidation. Samples were heated to 800°C, held at this temperature for 24 h, and then treated under different conditions to yield different products. ACs were obtained after cooling (10°C/h) and annealing treatments (200-500°C for 2-30 days), whereas the i-QC was obtained only by quenching. Later on, arc-melting syntheses were also found to result in high yields (>95%) of the i-QC phase.
Powder X-ray Diffraction. Data acquisitions were made on a Huber 670 Guinier powder camera equipped with an area detector and Cu KR1 radiation (λ ) 1.540598 Å). Finely powdered samples were homogeneously dispersed on a flat Mylar film with the aid of vacuum grease. The step length was set to 0.005°, and the exposure time was 0.5 h. The detection limit of a second phase is conservatively estimated as about 5 atom % in equivalent scattering power.
SEM-EDX. The elemental compositions were determined via semiquantitative energy-dispersive X-ray spectroscopy (EDX) on a JEOL 840A scanning electron microscope (SEM) with IXRF X-ray analyzer system and Kevex Quantum light-element detector. To increase the accuracies, samples mounted in epoxy were carefully polished to avoid the influence of sample tilting. At least four readings were made on each sample, with the averages being compared with the refined compositions from X-ray diffraction data. Electron diffraction was used to identify the i-QC. This was accomplished with the aid of a JEOL 3000 field emission transmission electron microscope (TEM) and 300 kV electrons. The ED pattern of the present i-QC along the 5-fold zone axis is shown below.
Thermal analyses. Thermal analyses of 1/1 AC, 2/1 AC and i-QC samples were performed under argon atmosphere on a Perkin-Elmer Differential Thermal Analyzer (DTA-7). Samples were typically heated to 620°C at a rate of 10°C/min, kept at this temperature for 10 min, then cooled to 200°C at the same rate. XRD patterns were recorded before and after each DTA scan.
Temperature-Dependent Powder X-ray Diffraction. In order to study the phase transitions of the 2/1 AC and i-QC in situ, the temperature-dependent powder X-ray diffraction analyses were performed on a custom-built Rigaku powder diffractometer (TTRAX III) equipped with Mo KR radiation and a high-temperature attachment ((3°C ). Fine powders with φ < 50 µm were mounted on a platinum sample holder and held in a chamber evacuated to ∼3 × 10 -3 Torr. To avoid sample exposure and oxidation as much as possible, data were regularly collected only within the range of 15°e 2θ e 20°, with a scan speed of 0.02°s -1 .
Single-Crystal Structure Determinations. Data collections were performed with the aid of a Bruker APEX CCD single-crystal diffractometer equipped with graphite-monochromatized Mo KR (λ ) 0.71069 Å) radiation. The exposure time was 30 s per frame. Data integration, absorption, and Lorentz polarization corrections were done by the SAINT and SADABS subprograms included in the SMART software packages. 21 Assignments of the space groups from the diffractometer data were made on the basis of the Laue symmetry and systematic absence analyses. Structure refinements were performed with the aid of the SHELXTL subprogram. 21 For the 1/1 AC (Im3 h), several data sets were collected from different crystals to check compositional variations. Here the refinement of a crystal from the reaction composition Ca13.9Au56.2In29.9 is taken as an example. Seven atoms were first located by direct methods; the first six had separations suitable for Au/In atom pairs, and the seventh, for Ca-Au/In. The former were initially assigned to Au, and the latter, to Ca. Subsequent least-square refinements proceeded smoothly and converged at R 1 ≈ 19.4%. Examination of the resulting isotropic displacement parameters indicated that five of six atoms assigned as Au were too electron-rich compared with the other (U iso: 0.028 vs 0.003 Å 2 ); thus, the former were tentatively assigned to indium in the followed refinements. Rechecking the thermal parameters after a few cycles revealed that four of these last positions had smaller isotropic values (0.009-0.015 Å 2 ) than the average of the other two (0.026 Å 2 ), suggesting that the former were occupied by Au/In mixtures. Accordingly, Au/In admixtures at each of these positions were allowed to vary (with the total occupancies fixed at 100%) along with a single isotropic displacement parameter in subsequent refinements. At this stage, a difference Fourier map revealed two other clear peaks at a 24g (0, 0.068, 0.086) and the 8c (1/4, 1/4, 1/4) sites that had slightly shorter bond distances (2.47-2.67 Å) to their neighbor atoms. The former is located in the center of a dodecahedron (see structure description below) and generates a distorted icosahedron or cubeoctahedron. (This is usually considered to be a disordered tetrahedron in Tsai-type systems with ∼1/3 occupancy, 22,23 whereas the latter resides in a sometimes empty cube. 24 ) The isotropic displacement parameters of these two atoms were also 2-3 times the average for the others atoms (0.06 Å 2 ), signatures of partially occupied sites. Even so, it was noteworthy that after leastsquares refinements with anisotropic parameters, which converged at R 1 ≈ 7.9%, the difference Fourier map still had two large residual peaks, one (∼15.5 e‚Å ), about 1.2 Å from In4/Au4. Close examination of the observed Fourier map ( Figure S1 ) revealed that the latter two atoms had irregularly elongated densities, suggesting that these residuals truly represented split positions. They were so assigned, and the final anisotropic refinements drastically decreased to R 1 ) 4.98%, Rw ) 11.36% for 56 variables and 797 independent reflections. The maximum and minimum peaks in the final difference Fourier map were 5.73 and -4.31 e‚Å -3 , respectively. The refined composition is Ca3Au12.2(1)In6.3(2), or normalized, as Ca14.0Au56.7(5)In29.3(8), well consistent with the EDX result, Ca13.9(5)Au56.2(4)In29.9(5).
As for the 2/1 AC, the refinement of a crystal from a reaction composition of Ca14.0Au41.6In44.4 is taken as an example. Direct methods yielded 34 positions; of these, 29 had separations suitable for Au/In atom pairs and five, for Ca-Au/In. They were initially assigned to Au and Ca. Subsequent least-squares refinements in Pa3 h converged quickly to R 1 ≈ 16%. However, 17 of the original Au atoms now had isotropic thermal parameters 6-7 times larger than the average of other positions (Uiso: 0.037 Å 2 vs 0.005 Å 2 ), and so these positions were temporary assigned to In. After a few cycles of refinements, the isotropic displacement parameters revealed two kinds of variations: In27, In28, In29, and Ca35 had anomalously large values (U iso ) 0.346-0.145 Å 2 ), whereas In4, In10, In13, In14, and In15 positions had thermal parameters too small (∼1 × 10 -5 Å 2 ). These suggested that the first four positions might be partially occupied and the latter five were occupied by Au/In admixtures. They were so assigned in the following refinements, which converged smoothly at R 1 ≈ 8.8%. But the difference map at this stage revealed two other possible atoms; one ), about 0.67 Å from In23. The short separations suggested that they were split positions related to In28 and In23, respectively, and the observed Fourier map also showed elongated electron densities encompassing these two pairs of positions ( Figure S1 ). The final anisotropic refinement converged at R 1 ) 5.57%, Rw ) 12.42% for 300 variables and 6129 independent reflections. The maximum and minimum peaks in the final difference Fourier map were 5.44 and -7.00 e‚Å -3 . The refined composition was Ca12.6(1)Au37.0(2)In39.6(6) (e/a ) 2.03), or normalized as Ca14.1(1)Au41.5(2)In44.4(6), in good agreement with the EDX result, Ca14.4(4)-Au42.7(4)In43.2(5). Note that the composition of 2/1 AC is extremely close to that of i-QC, Ca14.1(2)Au44.2(8)In41.7(7) (EDX result, e/a ) 1.98), but notably different from that of the 1/1 AC, Ca13.9(5)Au56.2(4)In29.9(5) (EDX, e/a ) 1.74).
A summary of crystal and structural refinement data for both crystals is in Table 1 , and the refined positional parameters standardized with TIDY 25 are listed in Table 2 together with their isotropic-equivalent displacement ellipsoids. It should be noted that the 2/1 AC characteristically exhibits a large number of relatively weak reflection data, resulting in the generally larger Rint and R1 values for all data (Table 1) . The remaining data (anisotropic displacement parameters and bond distances) are in Tables S1 and S2 and in deposited CIF data (Supporting Information).
Electronic Structure Calculations. The electronic structure of Na 2Au6In5 was calculated with the aid of CAESAR, 26 according to semiempirical extended-Hückel-tight-binding (EHTB) methods. As usual, Na atoms were assumed to be fully ionized, each providing one electron to the (Au6In5) 2-anion network, and they were not included in the input. The following orbital energies and exponents were employed in the calculation (Hii ) orbital energy (eV), ) Slater exponent): Au 6s, Hii ) -10.92, ) 2.602; 6p, Hii ) -5.55, ) 2.584; 5d, Hii ) -15.076, 11 ) 6.163, c1 ) 0.6851; 22 ) 2.794, c2 ) 0.5696; 27 In 5s, Hii ) -12.6, ) 1.903; 5p, Hii ) -6.19, ) 1.677.
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Electronic band structure calculations on the 1/1 AC were performed by the self-consistent, tight-binding, linear-muffin-tin-orbital (LMTO) method [29] [30] [31] in the local density (LDA) and atomic sphere (ASA) approximations, within the framework of the DFT method. 32 Interstitial spheres were introduced in order to achieve space filling. The ASA radii as well as the positions and radii of these empty spheres were calculated automatically, and the values so obtained were all reasonable. Reciprocal space integrations were carried out using the tetrahedron Development of the Ca−Au−In Icosahedral Quasicrystal A R T I C L E S method. Down-folding techniques were automatically applied to the LMTOs, and scalar relativistic effects were included in the calculations. The band structure was sampled for 24 × 24 × 24 k points in the irreducible wedge of the Brillouin zone. Because of the computing limitations, only the electronic structure of 1/1 AC was calculated. To circumvent the disorder, the mixed and split positions were, for simplicity, considered as fully occupied by the predominant Au or In, and In8 was not considered. The handling of the disordered tetrahedron requires lowering the symmetry to I23 or Pn3. Since calculations in both subgroups resulted in negligible difference in total energies, I23 was chosen, as before. 15,17 These result in a unit cell content of "Ca24Au92In52", which has a close composition and e/a value (1.76) to the experimental ones (e/a ) 1.74).
Results and Discussions
Electronic Structure of Na 2 Au 6 In 5 . Figure 1 shows the densities-of-state (DOS) curves and the crystal orbital overlap population (COOP) data calculated (EHTB) for Na 2 Au 6 In 5 . A prominent feature is the pseudogap (∼-6.5 eV) somewhat above the Fermi level (E F ≈ -7.3 eV), together with empty Au-Au, Au-In and In-In states that are bonding at and above E F according to the COOP data, indicating that more electrons should better optimize the bonding. These effects are very similar to those previously found for the isotypic Mg 2 Cu 6 Ga 5 . 16 According to the calculations, ∼3.3 e -/fu would be needed to push E F (e/a ) 1.77) to the pseudogap (e/a ≈ 2.02) under a rigid band assumption. Since Na is too electropositive to mix (participate in covalent bonding) with the other elements, its replacement with another electron-richer "ICOSAGEN" 33 cation such as Mg, Ca, or Sc was considered useful. However, Ca is the better candidate (see below), considering both the apparent importance of low-lying d orbitals in the formation of Tsaitype QCs 15,34 and its size. 12 Thus, "Ca 2 Au 6 In 5 " (e/a ≈ 1.92) was selected for the starting exploratory reaction.
Syntheses and Phase Widths. Figure 2a shows the product distributions among diverse compositions that were melted, slowly cooled, annealed, and analyzed by powder X-ray diffraction. Syntheses of compositions in the series CaAu x In 6-x (the horizontal row) were selected because the very first exploratory synthesis of the target "Ca 2 Au 6 In 5 " luckily yielded mainly a phase isostructural with the recently reported Tsaitype 2/1 ACs Ca 13 Cd 76 35 and Sc 11.17(2) Mg 3.04(2) Zn 73.54 (2) . 17 This event suggested that the 1/1 AC and i-QC might also exist in this system and that the supposed 1/1 AC should crystallize in a YCd 6 -type structure. 22 As can be seen, the main products successively changed from Ca 4 Au 10 In 3 36 to the 1/1 AC, the 2/1 AC, and AuIn 2 as x in CaAu x In 6-x varied as 4.5, 4, 3, and 2, corresponding to e/a values of 1.57, 1.71, 2.0, 2.29, respectively. In comparison, reactions with e/a fixed at 2.00 (vertical column) resulted in mainly variations from 2/1 AC to Ca 2 Au 3 In 4 37 as calcium proportions increased from 15% to 20%. In no case was the i-QC phase found under slow cooling and annealing conditions. Since e/a of the 2/1 AC (∼2.03) is very close to the predicted values for the QC (2.02 from Na 2 Au 6 In 5 , 2.00 from the 1/1 AC), the electronic search for the i-QC was narrowed to compositions in the range Ca:Au:In ) (14-16):(40-44): (40-44), and the containers were directly quenched in water after melting. Remarkably, all these samples resulted in the formation of some i-QC (Figure 2b) . The powder patterns of the 1/1 and 2/1 ACs and the i-QC are shown in black in Figure  2c together with the calculated powder patterns (red) for the ACs' according to single-crystal data. Note that these phases show larger peak widths compared with isostructural compounds. This is mostly likely related to the large absorption coefficient of Au on one hand and to the appropriate diffuse scattering ( Figures S2 and S3 ) on the other, the latter probably arising from some structural disorder (discussed below).
Later on, the 2/1 AC samples were found to transform to i-QC after being remelted and quenched, whereas single-phase i-QC always transformed to 2/1 AC and AuIn 2 if remelted and slowly cooled to room temperature, indicating a spontaneous incongruent decomposition process. On the contrary, the 1/1 AC remained unchanged on either quenching or slow cooling treatments. All these agree well with the DTA results (below).
Although no more efforts to determine accurate phase widths have been made, the AC lattice parameters (Table S3) 
Development of the Ca−Au−In Icosahedral Quasicrystal
A R T I C L E S ( 0.012 Å and 24.632(3) ( 0.020 Å for 1/1 and 2/1 ACs, respectively, and the respective compositions varied within ∼2.3 atom % and ∼2.7 atom % in terms of relative refined Au/In proportions. The lattice constant of the i-QC refined from six strongest reflections using Elser's method 38 only varied over 5.538(3) ( 0.003 Å. These data all suggest narrow phase ranges, paralleling the Au/In mixing in both ACs and i-QC, and consistent with the experimental results shown in Figure 2a and 2b. Phase Stabilities. Panels a-c of Figure 3 show the DTA data for 1/1 AC, 2/1 AC and i-QC samples, respectively, together with the Guinier powder patterns of each before and after scanning. As can be seen, the 1/1 AC exhibits only fusion/ solidification changes during DTA measurements (Figure 3a) , indicating a stable phase under these conditions. The heating and cooling curves of the 2/1 AC in Figure 3b show two reversible changes (∼502°C and ∼567°C on heating). The latter corresponds to the fusion/solidification of the 2/1 AC, whereas the former is also observed in i-QC cooling process (below). Powder patterns before and after the cycle indicates that the 2/1 AC phase remains. (The diffraction peak at about 39.2°is from AuIn 2 impurity, which results in a pre-tail below the endothermic melting peak at ∼540.7°C. 39 ) In order to track the endothermic event at ∼502°C, one heated 2/1 AC sample was quenched at 530°C. Surprisingly, the powder pattern showed that the 2/1 AC phase remained unchanged, but with more AuIn 2 . The same results were also observed in in situ temperature-dependent phase analyses ( Figure S4 ). These may imply the effect is simply not quenchable under these conditions.
The DTA data of i-QC sample suggest a complicated process. Upon heating, no obvious endothermic transition can be observed until melting (∼575°C); however, a small exothermic peak appears at about 500°C on slow cooling. Phase analyses at this stage reveal that i-QC had transformed to 2/1 AC plus AuIn 2 . Therefore, two more heating-cooling cycles were performed and powder patterns recorded after each cycle. The thermogram and XRD pattern thereafter (Figure 3c ) are very similar to that in Figure 3b . Note that the intensity of the reflection at ∼39°increases, suggesting that the AuIn 2 phase accumulates as reaction continues, perhaps because the QC decomposition is somewhat incongruent. Although the exothermic solidification peaks shift somewhat (possibly related to the appreciable compositional variation mentioned above), the peaks at ∼500°C always overlap. In the other side, independent annealing of the i-QC at 530°C for 1 month induces phase transformation to 2/1 AC, whereas at 450°C for one week produces no phase change. All of these facts suggest that the peak at ∼500°C represents the transformation between i-QC and stable 2/1 AC phases, and that the states giving this peak are very similar in structure, as suggested by the small heat effect involved in this peak, ∼3.0 J/g. The temperaturedependent XRD patterns of i-QC shown in Figure 4 reveal that the i-QC phase on heating appears to transform to 2/1 AC and AuIn 2 around its melting point. Above the melting/decomposi- tion point, the diffraction peaks of 2/1 AC appear with low intensities and larger peak widths, possibly related to a peritectic melting process. The cooling results are the same as those observed for 2/1 AC ( Figure S2 ), consistent with the DTA results. Structural Descriptions. As found before for the Sc-MgZn and Al-Mg-Zn 2/1 ACs, 40,41 the unit cell contents of the present Tsai-type 1/1 and 2/1 ACs are also well represented by body-centered cubic and primitive cubic packing of triacontahedral clusters ( Figure 5 ). Each of these encapsulates a so-called Tsai-cluster made up of four endohedral shells; from center out, a disordered tetrahedron, a dodecahedron, an icosahedron, and an icosidodecahedron (Figure 6 ). Since the cluster geometries and linkages for both long-range periodic order and short-range order are very similar to those in Sc-Mg-Zn ACs, 40 the only difference here being the greater structural disorder (including both occupancy and positional disorder), we will focus on the disorder problems rather than reiterate the similarities described in refs 40 and 41.
The shell contents of both ACs are enumerated in Table 3 together with those of the corresponding Sc-Mg-Zn ACs. 40 As can be seen, the constitutions of the dodecahedral, icosidodecahedral, and triacontahedral shells for the two current ACs are quite different from each other, in contrast to the similarities for those pairs in the Sc-Mg-Zn ACs. Both the second and the fourth shells have notably higher In proportions in the 2/1 AC, whereas the important triacontahedron becomes pure In. As a result, the overall e/a values for 1/1 and 2/1 differ considerably (1.73 vs 2.03). Actually, this appears to be the first case in which the 1/1 and 2/1 AC structures have such large differences in shell contents and e/a values. The reason may relate to the much more similar Au vs In metallic radii (CN ) 12, Au: 1.439; In: 1.579 Å) than for Mg vs Zn (CN ) 12, Mg: 1.598; Zn: 1.339 Å). 42 The former are presumably less discriminating and afford more atomic mixing and substitution while retaining the same structure types. This must also show up in energy terms, which enable s, p, d orbital mixings up to E F (below). The positional disorder in the 1/1 and 2/1 ACs are remarkable. The YCd 6 -type 1/1 ACs commonly show very anisotropic atomic displacements parameters (ADP) for atoms on the innermost tetrahedra, but that is not the case here. The CaAu-In 1/1 AC shows rather isotropic ADPs for atoms in the tetrahedral shell; instead, positional disorder occurs in the dodecahedral shell (Tables 2 and S1 ) and many other intermetallics. In essence, this may reflect generally lower differentiation both radially (size) and chemically. Actually, the positional disorder (dephasing) may be the reason why the powder patterns show larger peak widths and diffuse scattering (Figures 2, 3, S2, S3 ). Numerous larger residual peaks (Table 1) in the final difference Fourier map also suggest high background noise from diffuse scattering that is presumably generated by this (and other) disorder. Note that we tried to grow crystals with less positional disorder by optimizing element proportions and reaction conditions, but these defects do not disappear even after annealing at 500°C for 1 month. We have not yet pursued more quantitative measures of the relative amounts of diffuse scattering for these phases.
The positional disorder actually appears to play important roles in structural stabilization. Figure 6b shows the multiendohedral shells within a triacontahedron in the 2/1 AC and the pertaining disordered atoms. As can be seen, the innermost tetrahedron (blue) is again not at the common center of the outer polyhedra but shifted along the 3-fold axis, leaving space to the right of the triangle base (Au/In17 atoms). The same geometry is observed in Sc-Mg-Zn 2/1 AC, 40 but not in the Ca 13 Cd 76 31 or Yb 13 Cd 76 2/1 ACs 35,45 which both contain many split positions inside the dodecahedron. However, In27 (blue) sites, new in the 2/1 AC array, are observed outside of the dodecahedron in the present case. Note that there are also three other equivalent In27 (not shown) beyond the icosidodecahedron, being vertices of the outmost triacontahedral shell. The appearance of these sites is associated with distortion of the dodecahedron (on the blue atom side) and positional splitting (In23) which both appear to relieve bonding stress.
Electronic Structure of 1/1 AC. Figure 7 shows the DOS calculated by ab initio means for the 1/1 AC. As can be seen, the broadened d orbitals of Au are mainly populated over about a -7 to -2 eV energy range, whereas the s, p orbitals of Au plus In and the d orbitals of Ca are widely spread over the whole band. (Although DOS for Ca d and Au d appear comparable at E F , the Ca effect is notably greater at that point because the number of atoms in the formula (or cell) is as 1:4.) The s, p orbitals of Ca also spread over the whole energy range, but their projected DOS are low everywhere (<6 states/eV‚cell, not shown).
A prominent feature of the 1/1 AC DOS curve is that a pseudogap exists at e/a ) 2.00, close to both values predicted (2.02) from EHTB on Na 2 Au 6 In 5 and that experimentally discovered (1.98) for the i-QC. Judging from the projected DOS curves, Au, In s and p, and Ca d orbital mixing make major contributions to the formation and deepening of the pseudogap (hence, to the i-QCs), similar to the effects noted in the ScMg-Zn 17 and Sc-Mg-Cu-Ga systems. 15 This conversely supports the choice of Ca, not Mg, in our experimental design. Calcium not only offers more valence electrons than the original Na, so that the E F is driven toward the pseudogap, but it also provides the d orbitals that help the formation or deepening of pseudogap according to Muzutani. 34 (A parallel calculation with Mg on the Ca position reveals no pseudogap around E F .) These results appear to convey significant amounts of information about the electronics in other interesting phases. In fact, further studies in which Ca has been replaced by Yb, with lower-lying d orbitals and a similar size, again reveal 1/1, 2/1 ACs and i-QC phases. 36 Meanwhile, attempts to use Mg or Sc to achieve the same goal in the M-Au-In systems result in unexpected phases.
Conclusions
The work presents another example of tuning to the 1/1 and 2/1 ACs and to the i-QC, here in the Ca-Au-In ternary system, utilizing the recently proposed pseudogap prediction method. 15 The 1/1 AC, Ca 3 Au 12.2(1) In 6.3(2) , crystallizes in the space group Im3 h, whereas the 2/1 AC, Ca 12.6(1) Au 37.0(2) In 39.6(6) , in the space group Pa3 h, the same pair as found earlier in both the Sc-MgCu-Ga 15 and Sc-Mg-Zn 40 systems. Structure analyses reveal that both AC compounds again have triacontahedral clusters as their basic building blocks at the unit cell level and similar shortrange-ordered Tsai-type structural motifs within, but with major difference in the long-range order of the triacontahedra, as before. 40, 41 Appreciable positional disorder is found in the present ACs in comparison to earlier isostructural examples.
DOS analyses of the 1/1 AC reveal the presence of a pseudogap at e/a ) 2.00, at which point the i-QC indeed exists, consistent with the predictions from band structure analyses of Na 2 Au 6 In 5 as well, even though these compounds exhibit three different structure types. The sp-d orbital mixing around the Fermi energy appears to play important roles in the formation and deepening of pseudogap. DTA, and phase analyses suggest that 1/1 and 2/1 ACs are stable up to their respective melting points, whereas the i-QC is metastable below ∼500°C.
